Research on the Escherichia coli chemotaxis system has progressed at an accelerating pace over the past few decades. The system of interacting proteins that regulates E. coli swimming behavior has emerged as the best-characterized signal transduction network in biology. As discussed in the accompanying Perspective by Dahlquist (1) , all the protein components responsible for excitation and adaptation have been identified, their enzymatic activities characterized, and their structures determined to atomic resolution. There have also been numerous studies of the effects of a wide range of mutations and altered levels of protein expression on chemotaxis signaling. What lessons can be gleaned from this wealth of molecular and behavioral information? The pioneering studies of Adler and his collaborators established that chemotaxis by E. coli involves a signal transduction mechanism organized along the same lines as systems that mediate responses to hormones and neurotransmitters in higher eukaryotic cells: Stimulatory ligands bind to receptors at the cell surface that regulate the activities of enzymes within the cytoplasm, which act in turn to produce a response (2) .
Subsequent research has defined a set of common organizational features that underlie most receptor-mediated signal transduction networks. Although the chemistry of signal transduction in bacterial and vertebrate cells differs substantially, there are numerous fundamental similarities. For example, E. coli chemotaxis receptors control the activity of an associated histidine protein kinase, CheA; eukaryotic hormone receptors control the activities of tyrosine, serine, or threonine protein kinases. In E. coli, histidine phosphoryl groups from CheA are passed directly to aspartates in the response regulator CheY; vertebrate signal transduction pathways employ cascades of kinases that propagate signals by one type of protein kinase phosphorylating and activating another (3) . In E. coli, the phosphorylation signaling mechanism is modulated by methylation and demethylation of glutamate side chains in methylatable chemotaxis proteins (MCPs); in eukaryotic cells, signal transduction is modulated by methylation and demethylation at COOH-terminal α-carboxyl groups in key signal transduction components such as heterotrimeric guanine nucleotide-binding proteins (G proteins) (4) and phosphoprotein phosphatases (5) .
In addition to the analogies between the chemistries of signal transduction in E. coli and vertebrate cell types, there are intriguing relationships between the components of the chemotaxis system and other proteins. The two central enzymes of the E. coli chemotaxis system, the histidine kinase CheA and the response regulator CheY, are representatives of two large superfamilies that include a large number of histidine protein kinases and response regulators that mediate phosphorelay signal transduction networks in microorganisms and plants (6) . Besides chemotaxis, these so-called "two-component systems" act to control processes ranging from cell differentiation and development to circadian rhythms and pathogenesis. In addition to these functionally related homologs, CheA is also related to adenosine triphosphatases (ATPases), such as heat shock protein 90 (HSP90), MutL, and GyrB, all of which use the energy from ATP hydrolysis to mediate the restructuring of large cytoplasmic protein or DNA assemblies (7) . Similarly, besides being related to different response regulators, CheY belongs to the haloacid dehalogenase (HAD) superfamily, which includes the aspartate phosphorylation domain of the ATPases that are responsible for Na + pumping and Ca 2+ pumping in vertebrate tissues (8) . The significance of the relationships between CheA and CheY to these distantly related ATPase homologs is only beginning to be understood (9, 10) .
Interest in E. coli chemotaxis initially stemmed from its potential utility as a model system for understanding molecular mechanisms of signal transduction. Although this has certainly proven to be the case, in the past few years there has been a growing appreciation of the unique aspects of the chemotaxis receptor signaling apparatus that make it worthy of investigation in its own right. This derives in large part from two sets of seminal observations. First, research on the mechanism of chemotaxis and phototaxis in Halobacterium salinarium indicated that signal transduction in this archaeal species is closely related to the mechanism in eubacteria like E. coli (11, 12) . Genomic sequencing results have confirmed that virtually all motile prokaryotes use essentially the same mechanism to regulate their motility. Remarkably, this does not depend on their mode of motility. Species such as Myxococcus xanthus that have no flagella and move by a poorly understood gliding mechanism nevertheless regulate their movements using the same set of components, including MCPs, the kinase CheA, the response regulator CheY, the kinase regulator CheW, and the methylating and demethylating enzymes CheR and CheB (13, 14) . From these results, it seems likely that the prokaryotic chemotaxis system provides an almost ideal solution to the problem of processing information to regulate motility. Moreover, although CheA and CheY have homologs in other signal transduction systems, the other components of the chemotaxis mechanism, including MCPs, CheW, CheR, and CheB, appear to be unique to chemotaxis signaling in prokaryotes. These proteins are not generally found in immotile bacterial species, nor have they been identified in eukaryotes.
The second set of seminal observations derived from studies of the subcellular distribution of signaling components in Caulobacter cresentus. Electron microscope (EM) images of immunogoldtagged antibodies directed against chemotaxis proteins indicated that most of the MCPs, CheW, and CheA were clustered together at one pole of the cell (15) . This work was extended to E. coli with the same result (16) . There is now evidence that most of the 10,000 MCPs in E. coli, including all five E. coli MCPs (Tsr, Tar, Tap, Trg, and Aer), are located together with most of the CheA and CheW in one or two clusters at one or both poles (17) . Similar results have been obtained with other motile bacteria (18, 19) . Reconstitution studies with purified proteins indicate that MCPs form a highly interconnected, tightly packed array within the membrane that is organized, at least in part, through interactions with CheW and CheA (Fig. 1) . The complexity of this signal transduction organelle is enormous-each MCP monomer has at least four potentially modifiable glutamate residues, and the probability of methylation and (20) . Previous models of the chemotaxis signal transduction system had assumed that the MCPs functioned as essentially independent dimers, each controlling the activity of its own associated molecule of the kinase CheA. The behavioral output was thought to be simply the sum of the activities of all the MCPkinase complexes working together to produce phosphorylated CheY (CheY-P). According to this simplistic idea, the output of the MCP-kinase system would be expected to vary in proportion to the degree of receptor occupancy by stimulatory ligands. Experiments have clearly established that this is not generally the case-there does not appear to be a simple relationship between stimulatory ligand binding to receptors and the motor output of the chemotaxis system (21, 22) .
The lack of any set relationship between stimulus and response is almost certainly a consequence of the information processing characteristics of the MCP-CheW-CheA signaling array. One mechanism for increasing the gain involves the spread of sensory information laterally from one receptor to another (1) . In receptor arrays, each MCP-receptor dimer can directly interact with at least four neighbors. Another kind of amplification involves the channeled diffusion of stimulatory ligands between receptors. The most abundant MCP in E. coli is the serine receptor Tsr. Serine binds to Tsr with a dissociation constant (K d ) of about 10 µM. This implies that, if serine binding is diffusion-limited, the average time a serine molecule spends bound to Tsr is < 0.1 ms. When a serine dissociates, chances are much greater that it will bind to a nearby receptor than that it will escape to the bulk solute. At a serine concentration of 10 µM, one would expect a few hundred serines free in the periplasm compared to a few thousand bound to receptors. The time it takes the CheA kinase to complete one cycle of CheY phosphorylation is at least two orders of magnitude longer than the dwell time of serine binding, about 10 ms (23). It seems likely that the effects of multiple serine binding events at sufficient frequency will determine the relationship between serine receptor occupancy and kinase activity. Moreover, the level of methylation modulates the gain of the receptor-MCP-kinase coupling mechanism (21) , and the level of methylation is determined by the response (1) .
Imagine that the MCP-CheW-CheA complex in Fig. 1 is a brain, obviously not an animal brain, but rather a prokaryotic or probrain (24) . Probrains do for prokaryotes what brains do for animals: They control motor activity. When a bacterium is swimming, its probrain decides whether it should continue on course or change direction. This decision is the computational product of the activity of 10,000 MCPs-the functional output of the probrain. The decision to continue or change direction is influenced by a balance between previous experience and current stimulation. The relevant parameters are legion-numerous different amino acids and sugars (nutrients and their analogs), pH, salts, and temperature, not to mention specific peptides or small molecules that mediate signaling between bacteria. Assuming a rate of impact of information on each MCP of roughly 10 4 per second (corresponding to the estimated maximum rate of serine binding), the total rate of information coming into an E. coli probrain is roughly 10 8 bits per second (bps). Because an E. coli can change direction at most once every 0.1 s, the decisionmaking output of the probrain is about 10 bps. According to these rough calculations, the probrain has the capacity to take 10 8 bps of information and reduce it to 10 bps. Imagine that this is done with an efficiency that is fairly close to ideal-after all, if the probrain were not close to ideal, why would it be so conserved in microorganisms that have diverged for over a billion years?
Although there have been numerous theoretical discussions of the thermodynamics of information processing (25, 26) , it is not clear how much energy is required for decision-making processes such as those required for bacterial chemotaxis. It is interesting in this context to consider the energy spent by the E. coli probrain. By far the major direct cost of probrain function is the hydrolysis of ATP during CheY-P hydrolysis. Rough estimates indicate that this corresponds to a rate of hydrolysis of about 10 5 ATP molecules per second. The energy released by the hydrolysis of an ATP molecule corresponds to at least 10 bits of information. Thus, the hydrolysis in a cell of 10 5 ATP molecules per second would produce more than enough free energy to account for 10 6 bps of information transmission. This number is close to the maximum degree of information compaction estimated at 10 7 bps. But what does it mean to compact information? How can the energy released by ATP hydrolysis be used to convert the large amount of information coming into the probrain (~10 8 bps) into a 1-bit decision every 0.1 s? One possibility is that CheA kinase activity drives a rearrangement of the receptor-MCP array. There is hereditary precedence for a role for CheA in macromolecular rearrangements based on the function of CheA's relative, HSP90 (9) . If CheA could act to stir the receptor array, it would tend to select local combinations of MCPs with reduced kinase activation potential. This would cause cells to continue on course, because CheA activity would be reduced and levels of CheY-P would decline. One can imagine that ultimately a cell could lock onto a particular course with its receptors organized so that rather than causing full tumbles, deviations only cause brief twiddles that generate relatively minor changes in direction so that the efficiency of chemotaxis is optimized. Every probrain is different. This is reflected in the extreme range one sees in the behavior of individual bacteria (27) . Behavioral studies are generally presented as population averages. It is assumed that all bacteria "want" to respond positively to nutrients and negatively to repellent signals. What a bacterium wants, however, depends on the detailed architecture and state of modification of its probrain. There are frequently large numbers of bacteria within a population, and it would not make sense for them all to move toward the same chemical stimuli or in the same direction. Although each individual should move toward optimal conditions for survival and growth, a diversity of responses will allow some individuals to discover unexploited niches, and also preclude the downside of predictable responses in competitor and predator relationships. In order to accomplish this dispersal, each individual must pick some direction. Direction can be determined by analyzing combinations of stimuli-a slight increase in pH, a lower concentration of aspartate, a wisp of ribose, and a slight increase in temperature could all act together with the obverse stimulus combination to define an orientation axis that could be used to navigate in any direction-given a receptor-MCP architecture that is tuned to these environmental cues.
P E R S P E C T I V E
In the past, analysis of the bacterial chemotaxis system has focused on trying to understand how a rudimentary signal transduction mechanism could function simply to couple sensory information to the generation of a motor response. In the future, it seems likely that we will begin to question how the bacterial system efficiently uses a large amount of input information to generate a strategically ideal response.
